ABSTRACT We have investigated the kinetics of geminate carbon monoxide binding to the monomeric component Ill of Chironomus thummi-thummi erythrocruorin, a protein that undergoes pH-induced conformational changes linked to a pronounced Bohr effect. Measurements were performed from cryogenic temperatures to room temperature in 75% glycerol and either 0.1 M potassium phosphate (pH 7) or 0.1 potassium borate (pH 9) after nanosecond laser photolysis. The distributions of the low temperature activation enthalpy g(H for geminate ligand binding derived from the kinetic traces are quite narrow and are influenced by temperature both below and above -170 K, the glass transition temperature. The thermal evolution of the CO binding kinetics between -50 K and -170 K indicates the presence of some degree of structural relaxation, even in this temperature range. Above -220 K the width of the g(H progressively decreases, and at 280 K geminate CO binding becomes exponential in time. Based on a comparison with analogous investigations of the homodimeric hemoglobin from Scapharca inaequivalvis, we propose a link between dynamic properties and functional complexity.
INTRODUCTION
Ferrous heme proteins form photolabile complexes with ligands, a property that renders flash photolysis particularly suited to study their binding kinetics (Antonini and Brunori, 1971) . The availability of pulsed lasers as photolyzing sources and of cryogenic devices has enormously expanded the time and temperature ranges that can be explored by flash photolysis, such that this experimental approach has become one of the most valuable tools for investigating protein dynamics and their functional implications. After the pioneering work of the Frauenfelder group (Austin et al., 1973) , laser flash photolysis over broad temperature ranges has been extensively used to perform investigations along three major lines. On one side, the dynamic properties of sperm whale myoglobin (SW-Mb), taken as a model system, have been investigated in great detail, also using several engineered mutants of this protein. Among many fundamental findings, the work done on SW-Mb has allowed the detection of different tiers of conformational transitions (Ansari et al., 1985) . In some cases spectroscopic markers for the substates within a single tier have been identified, and their interconversion has been followed experimentally (Abadan et al., 1995; Ansari et al., 1987; Bosenbeck et al., 1992; Braunstein et al., 1993; Causgrove and Dyer, 1993; Frauenfelder et al., 1990; Gilch et al., 1993; Hong et al., 1990; Ivanov et al., 1994; Johnson et al., 1996) . Next, a comparative analysis on structurally and functionally unre-lated heme proteins, such as leghemoglobin (Stetzkowski et al., 1985) , horseradish peroxidase (Doster et al., 1987) , rat liver cytochrome p-450 (Richter and Di Iorio, 1991) , and lignin peroxidase (Glumoff, 1991) has been performed. Even though different in the details, the same overall kinetic features, briefly outlined in the following paragraph, have been observed over broad temperature ranges in all systems investigated. Finally, comparative studies on heme proteins with highly homologous folding, but differing in their functional properties, have provided insights into the relationships between structure-dynamics and function (Alberding et al., 1978; Bisig et al., 1995; Boffi et al., 1994; Cupane et al., 1993; Di Iorio et al., 1991 , 1993 Dlott et al., 1983) . The use of experimental approaches other than flash photolysis, such as inelastic neutron scattering (Andreani et al., 1995; Doster et al., 1989 Doster et al., , 1990 , light absorption spectroscopy Di Pace et al., 1992; Schomacker and Champion, 1986; Srajer and Champion, 1991) , Raman spectroscopy (Friedman et al., 1982 (Friedman et al., , 1990 Morikis et al., 1989 Morikis et al., , 1990 Schweitzer-Stenner et al., 1992; Spiro, 1988) , Mossbauer spectroscopy (Parak, 1989; Prusakov et al., 1995) , and Rayleigh scattering of Mossbauer radiation (Krupyanskii et al., 1990) (Schlichting et al., 1994) . Above -160 K the protein undergoes large-scale structural fluctuations, and the B state produced by photolysis can either move back to A or give rise to the S state. In addition, ligand photolysis induces a change in conformation toward the deoxy structure such that geminate rebinding requires a higher activation energy, inasmuch as it is accompanied by a return to the ligand bound configuration. At the structural level, the increased activation barrier, observed above -160 K for the B --A process, has been attributed to a larger displacement of the iron from the heme plane in the high-temperature compared to the low-temperature photoproduct, made possible by the increased mobility of the protein (Agmon and Hopfield, 1983; Nienhaus et al., 1994; Srajer et al., 1988; Steinbach et al., 1991) . Various attempts have been made to develop a model capable of describing ligand binding kinetics above the glass transition temperature, taking into account conformational relaxation. Agmon and Hopfield (1983) where the first to deal with this problem, by using a single diffusion constant to describe the relaxation of a conformational coordinate, taken to be perpendicular to the reaction coordinate. A big drawback of this approach is that a discrete diffusion process is inconsistent with the observation that protein relaxation is not exponential in time . Later attempts to improve the agreement with experimental findings (Agmon et al., 1994; Agmon and Rabinovich, 1992) have only partially improved the situation. In the approach followed by Steinbach et al. (1991) , the distribution of activation barriers, which accounts for the nonexponential ligand binding below -160 K, is assumed to shift to higher energies with stretched exponential kinetics, according to what is observed experimentally . To simplify the formalism, they considered the shape of the distribution to be unaffected by the relaxation process, an approximation that is clearly tenable in some cases (Lambright et al., 1993; Steinbach et al., 1991) but is not generally applicable. The group of Wolynes has approached the general problem of coupling a chemical reaction with a slowly fluctuating environment, using a dominant path for its relaxation Wolynes, 1993, 1994) . This approach has been successfully applied to describing the kinetics of CO binding to sperm whale Mb (Panchenko et al., Recent time-resolved x-ray crystallography investigations have provided some hints on the dynamics involved in the structural relaxation process that accompany laser photolysis of carbon monoxymyoglobin at room temperature (Srajer et al., 1996) . The electron density maps show that 4 ns after photolysis, the iron atom is already fully displaced from the heme plane, whereas other structural rearrangements, particularly of the F-helix, extend into the microsecond time range.
To gain more insight into the functional implications of protein dynamics and their thermal evolution, we have undertaken a flash photolysis investigation of the kinetics of geminate CO binding to the monomeric erythrocruorin component III extracted from the larvae of the insect Chironomus thummi-thummi (CTT-Hb-III). We have chosen this protein because it is unique in many respects. Its ligand affinity increases with pH (Gersonde et al., 1986) , and a pronounced conformational change accompanies the transition from the low-affinity to the high-affinity state (Gersonde et al., 1976; La Mar et al., 1978; Peyton et al., 1991) , such that soaking crystals of CTT-Hb-III obtained at acidic pH in alkaline buffer causes them to crack (Steigemann and Weber, 1979) . Thus, despite its relatively simple monomeric structure, CTT-Hb-III undergoes pH-induced conformational transitions and is therefore particularly well suited to pinpointing possible relationships between protein dynamics and functional complexity. Based on NMR data (La Mar et al., 1978; Peyton et al., 1991; Ribbing et al., 1978; Zhang et al., 1996) , it has also been proposed that in CTT-Hb-III the heme can assume two distinct orientations, because of a rotation by ur rad of the tetrapyrrole along the a-,y methine axis. The orientational transition is proton induced and occurs in the same pH region where the conformational changes responsible for the Bohr effect take place. Finally, according to the crystallographic data reported by Steigemann and Weber (1979) , CTT-Hb-III displays the typical Mb folding, but in its ferrous ligand-free state, the heme iron barely protrudes from the porphyrin plane, being displaced by only -17 pm, compared to -35 pm in deoxy SW-Mb or -58 pm in the a human Hb-A subunits (Perutz et al., 1987) . This unusually small displacement of the heme iron in deoxy CTT-Hb-III contradicts the low-frequency resonance Raman spectrum reported by Kerr et al., (Kerr et al., 1985) for the same derivative, characterized by a sharp and intense line at 220 cm-l and therefore indicative of a definitely larger out-of-plane position of the metal. Flash photolysis studies of CTT-Hb-III over broad temperature ranges are expected to provide new insight into this important issue.
MATERIALS AND METHODS Sample preparation and instrumentation
Larvae of Chironomus thummi-thummi were kept at 180 K in batches of -50 g and were thawed only immediately before starting the erythrocruorin purification procedure, performed according to the method of 1995). in 1 mM potassium phosphate (pH 7) was concentrated by ultrafiltration to -2 mM, rapidly frozen (Di Iorio, 1981) , and kept in liquid nitrogen until immediately before use. The amount of protein necessary for a flash photolysis measurement was thawed and added to a mixture of glycerol and aqueous buffer previously saturated with pure CO at 20°C. Final concentrations were -80 puM protein, 0.1 M K-borate (pH 9), or Kphosphate (pH 7) and 75% glycerol. Trace amounts of Na-dithionite were added to ensure the total absence of oxygen and of ferric erythrocruorin. The solution was immediately transferred anaerobically to a gold-plated copper cell previously purged with CO and equipped with polycarbonate windows. The cell was mounted on the cryostat, and kinetic measurements were performed by monitoring the absorbance changes induced by a single 10-ns photolyzing laser pulse at 436 nm, as described previously , 1993 . To allow complete relaxation to the ligated state, the recording of each kinetic trace below -160 K was followed by a heating of the sample to at least 160 K and recooling to the desired temperature before performing the next measurement. We have collected two sets of data, both at pH 7 and at pH 9, taking 5-10 traces at each temperature. Time courses recorded under identical conditions were averaged and reduced for further analysis, as previously described . Light absorption spectra of the samples in the cryostat cell were taken at the beginning and at the end of each measurement section.
Data analysis
To account for the nonexponential nature of the CO recombination kinetics at low temperatures, we used a model based on a distribution of activation enthalpies and a discrete value of the preexponential ko. Accordingly, the absorbance change AA(t, 7) at time t after photolysis and for a time course recorded at the absolute temperature T is given by
where To is arbitrarily taken to be 100 K (Doster et al., 1982 (Boffi et al., 1994; Cupane et al., 1993; Di Iorio et al., 1991) . Global nonlinear least-squares fittings were done in the AA space according to the method of Marquardt (1963) , weighting each experimental point on the basis of its reciprocal variance, computed from the experimental standard deviation in transmittance (Bevington, 1969, pp. 56-64 (Bevington, 1969, pp. 195-202) . After convergence the x2 hypersurface was scanned around the minimum for each parameter independently, and the upper and lower confidence limits were determined by the intersection points of the resulting curve with the 67% confidence line. This procedure is necessary when dealing with models involving enthalpy distributions, because the uncertainties in the values of the parameters obtained from the diagonal elements of the inverted curvature matrix (Bevington, 1969, pp. 242-245) (Fig. 3, upper panel) .
The preexponential factor for geminate CO binding to CTT-Hb-III (derived from our analysis approach ) is also pH dependent, being lower by one order of magnitude at pH 7 than at pH 9 (Table 2) .
DISCUSSION
The CO binding kinetics of CTT-Hb-III are quite fast (Fig.  1) . This reduces considerably the signal-to-noise ratio of the data, particularly in the temperature region just above the glass transition, such that the heuristic approach just described 
stands for variable, L for linked (viz., the same fitted value applies to the whole temperature range investigated), C for committed due to boundary conditions, and F fixed. Parameters' symbols are as defined in Eq. 4. At both pHs the 230 K traces are characterized by a very poor signal-to-noise ratio in the time region where the solvent process is observed. Therefore, the corresponding activation enthalpies were estimated from separate fittings of the data, limited to the relevant time region. The resulting values were used as constants (F) during the global analyses. FIGURE 2 Temperature dependence of the apparent peak activation enthalpy for CO binding to CTT-Hb-III in 75% glycerol and 0.1 M phosphate, pH 7 (left), and 0.1 M borate, pH 9 (right). The bars above and below the symbols refer to the 67% confidence limits, computed as described in Materials and Methods.
particularly relevant, the limits of the model used are also discussed.
Kinetic behavior of CTT-Hb-lll below 170 K Despite the structural heterogeneity of CTT-Hb-III, arising from the silent mutation E6(57) Thr/Ile (Kleinschmidt et al., 1989) , the low-temperature kinetics of CO binding to this protein, as obtained by monitoring in the Soret region, are well described by a single reaction step, characterized by relatively narrow g(H) distributions at both pH 7 and pH 9. This contrasts with what is seen in analogous measurements on other proteins, whose low-temperature CO binding kinetics are accounted for by a single process with a broad g(H), as in sperm whale Mb (Steinbach et al., 1991) , reflecting the convolution of several underlying distributions Johnson et al., 1996; Prusakov et al., 1995) , or require the use of complex models involving two or more kinetic components, as reported for various other systems (Boffi et al., 1994; Cupane et al., 1993; . Because the low-temperature g(H) distributions for CO binding to CTT-Hb-III are quite narrow, relatively small changes produced by temperature on their peak position and/or shape can be easily detected. Figs. 2-4 show that Hpea is influenced by temperature changes well below 170 K and that our kinetic data are accurate enough to detect this relationship.
Tunneling through the activation barrier dominates at very low temperatures (Alberding et al., 1976a,b (Loncharich and Brooks, 1990 ) and transient and static optical spectroscopy studies (Cupane et al., 1993; Di Iorio et al., 1991) . A plausible structural explanation for the Hpea,k shift is a change of the azimuthal angle 4, formed by the plane of the proximal histidine ring with the N1-Fe-N3 axis of the heme (Ahmed et al., 1991; Friedman et al., 1990; Gilch et al., 1993; Stavrov, 1993) . In sperm whale and horse Mb this phenomenon is induced, below 160 K, by prolonged illumination of the carbonyl derivative (Nienhaus et al., 1994) . In CTT-Hb-III the same structural transition could be thermally induced, but the currently available information forces us to remain at a purely speculative level in this respect. Furthermore, our data do not provide any valuable hint as to whether Hpeak rises because of a continuous or a discrete structural relaxation. In the former case the transition would produce a shift in the g(H) along the H axis without affecting its shape; in the latter the distribution should be narrower at the beginning and at the end of the transition and broader during the relaxation. The increase with temperature of the g(H) width between -40 K and -170 K depicted in Fig. 3 would be indicative of a stepwise transition (Nienhaus et al., 1994) . However, the onset of much larger structural fluctuations above 170 K completely masks any further thermal evolution of the lowtemperature g(H) distribution. Furthermore, the width change between -40 K and 160 K depicted in Fig. 3 is biased by our fitting conditions, which force the parameter qi to be temperature independent (Table 1) .
CTT-Hb-III displays a pronounced Bohr effect, resulting from the interconversion between two conformational states (Gersonde et al., 1976; La Mar et al., 1978; Peyton et al., 1991; Steigemann and Weber, 1979) . At the two pH values selected for our measurements, either one of the two configurations is dominating. The lower temperature dependence of Hpeak at pH 7, compared to pH 9 (Fig. 2) , suggests a higher susceptibility of the prosthetic group to local fluctuations in the high pH conformation of CTT-Hb-III. This is consistent with a higher preexponential for geminate CO binding at alkaline pH (Table 2) , because an increased ko reflects a smaller heme pocket volume (Frauenfelder and Wolynes, 1985) . During the preparation of our samples, the protein has not been subjected to a long enough incubation at the final pH of the measurements to allow heme reorientation. Therefore, we attribute the different low-temperature behavior of CTT-Hb-III at the two pHs to the conformational transition of the protein moiety and not to differences in heme orientation.
Kinetic behavior of CTT-Hb-ill above 170 K Just above 170 K the width of the enthalpy distribution for geminate CO rebinding to CTT-Hb-III, obtained from our fitting procedure, appears to increase up to -210 K, where it reaches a maximum. Thereafter the g(H) becomes progressively narrower, and at room temperature the kinetic process is exponential in time (Fig. 3) . The apparent broadening of the g(H) observed between 170 K and -220 K is Table 1 ). Details about the fitting and error analysis procedures are given in Materials and Methods.
clearly an artifact introduced by the use of a single distribution model to describe the experimental data. In this temperature range protein molecules that bind the ligand, before any structural relaxation to the unligated conformation can take place, coexist with molecules that undergo the conformational transition before or while ligand binding occurs. Thus, in the simplest case, the g(H) obtained from our fittings is a convolution of enthalpy distributions for the unrelaxed (lower Hpeak) and relaxed (higher Hpeak) system. A more complex formalism that models the structural relaxation accompanying ligand binding (Panchenko et al., 1995; Post et al., 1993; Steinbach et al., 1991) would certainly be more appropriate. Unfortunately, because of the poor signal-to-noise ratio of the traces in this critical temperature range, even fittings with a sum of two distributions are ill conditioned. Nevertheless, the apparent broadening of the single g(H) used in our simple model between -170 K and -220 K gives an idea of the speed of relaxation phenomena in CTT-Hb-IH and their thermal evolution. Most interesting is the progressive narrowing of the g(H) above -220 K, which leads to a complete collapse of the distribution at room temperature. Again, we are forced to propose only a phenomenological interpretation of our results because of the impossibility of treating the data with more quantitative models. However, our data unequivocally show that, above 280 K, the interconversion between conformational substates in CTT-Hb-III becomes faster than geminate CO rebinding. In this case the model proposed by Steinbach et al. (1991) , where the structural relaxation is assumed to shift the g(H) distribution derived from lowtemperature kinetics toward higher enthalpy values without influencing its width, would have not been applicable. The room temperature collapse of the geminate CO-binding enthalpy distribution to a line is also indicative of a high structural flexibility of CTT-Hb-III. According to the proposal of Di , a high structural flexibility of CTT-Hb-III is also indicated by the comparatively narrow enthalpy distribution observed below --170 K.
As mentioned in the Introduction, the crystallographic data available for CTT-Hb-III point to a very small displacement of the heme iron from the tetrapyrrol plane in its deoxy derivative. This feature, according to the structural relaxation models proposed in the literature (Agmon and Hopfield, 1983; Srajer et al., 1988; Steinbach et al., 1991) , would predict a minimal (if any) increase of the activation barrier for geminate ligand binding to CTT-Hb-III above --170 K. Our data show that this is not the case. The apparent peak activation enthalpy for geminate CO binding at 170 K is -11.3 kJ mol-F at pH 7 and -14.1 kJ mol-' at pH 9, whereas the enthalpy barrier for the same process at 300 K increases, respectively, to -20.8 kJ-mol-1 and -25.7 kJ mol-1 (Fig. 2) . Thus either the displacement from the heme plane in the deoxy derivative is larger than reported by Steigeman and Weber (1979) , as Raman spectroscopy investigations would imply (Kerr et al., 1985) , or other structural parameters, beside the position of the iron account for the increase in activation energy for geminate CO rebinding observed above -170 K. A good candidate would be the tilt angle 0, formed by the proximal bond with the heme plane (Ahmed et al., 1991; Friedman et al., 1990; Gilch et al., 1993; Nienhaus et al., 1994; Stavrov, 1993) .
Structural flexibility and functional complexity
To gain insight into a possible role of protein dynamics during evolution, we compare the behavior of CTT-Hb-III with that reported for the homodimeric hemoglobin of the mollusk Scapharca inaequivalvis (Scapharca Hb-I) (Boffi et al., 1994) . CTT-Hb-llI displays a considerable structural flexibility, and as already discussed, its reactivity is regulated by pH-induced conformational changes of the protein moiety (Gersonde et al., 1976 (Gersonde et al., , 1986 La Mar et al., 1978; Peyton et al., 1991) , a sophisticated mechanism to fine-tune the functional properties of the molecule. On the other hand, Scapharca Hb-I has a high structural rigidity (Boffi et al., 1994; Ilari et al., 1995) and displays no sign of heterotropic modulation of its functional properties (Chiancone et al., 1981) . Furthermore, it is well documented that homotropic interactions in this protein arise from a direct communication between the two hemes, mediated by structured water at the subunit interface (Royer et al., 1996) and with very limited involvement of the protein moiety (Chiancone et al., 1990 (Chiancone et al., , 1993 Pardanani et al., 1997) . The opposite dynamic and functional behavior displayed by CTT-Hb-Ill and Scapharca Hb-I suggests a link between structural flexibility and complexity of the molecular mechanism used to modulate the reactivity of the active site, as also indicated, but not as clearly, by previous comparative investigations ( Alberding et al., 1978; Bisig et al., 1995; Boffi et al., 1994; Cupane et al., 1993; Di Iorio et al., 1991 , 1993 Dlott et al., 1983) . Rigid proteins appear to be characterized by a low level of functional complexity, whereas a higher structural flexibility seems to accompany a more sophisticated functional regulation. We therefore propose an evolutionary role of protein dynamics, postulating that proteins with higher rigidity are generally preferred by nature to increase their stability against thermal denaturation, but higher degrees of structural flexibility are introduced in response to the demand for more complex functional behaviors.
CONCLUDING REMARKS
The kinetic data reported here are limited to a monitoring of CO recombination only in the Soret region of the electronic spectrum and to an analysis based on a heuristic model. Even though necessarily qualitative, this study points to two crucial differences between the dynamic behavior of CTTHb-III and that of myoglobins, particularly of sperm whale Mb, which is taken, mainly for historical reasons, to be the reference system: 1) A temperature dependence of the activation barrier for geminate CO binding below the glass relative to the tetrapyrrol plane, must be considered to 2748 Biophysical Journal transition temperature and 2) a collapse to a single expo-nential of the barrier distribution for the same ligand-binding step at room temperature. Both phenomena are consistent with a higher structural flexibility of CTT-Hb-III compared to that of myoglobins. Furthermore, the very small iron displacement from the heme plane reported by Steigeman and Weber for the deoxy derivative of CTT-Hb-III (Steigemann and Weber, 1979) is questioned by our results and by those of Kerr et al. (1985) . Both of the explanations that we have proposed for the peculiar kinetic behavior of CTT-Hb-III and the discrepancy with the crystallographic data will be the subject of a specific infrared and Raman spectroscopy investigation.
